The nightsides of synchronously rotating planets are sensitive probes of atmospheric heat transport; detecting thermal flux from the nightside of such a planet means that energy has been transported there from its dayside. We invert orbital phase curves into longitudinally resolved brightness distributions in order to estimate the nightside effective temperatures for twelve hot Jupiters with full-orbit infrared phase curves. We find that, although dayside temperatures on hot Jupiters are proportional to their irradiation temperatures, nightside temperatures of typical hot Jupiters are approximately 1000 K. The three exceptions, WASP-12b, WASP-33b, and WASP-103b, are ultra-hot Jupiters: planets with dayside temperatures hot enough to dissociate molecular hydrogen. Models predict much more varied nightside temperatures than we observe. Energy balance models provide a better fit to the observations if wave propagation is negligible for heat transport. Alternatively, the relatively uniform nightside temperatures of hot Jupiters could be due to thick clouds. Mineral or sulfide clouds, if they had sufficiently large particles, could explain the uniform nightside temperature, as well as the relatively featureless nightside spectra of these planets.
1.
Close in, giant exoplanets-hot Jupiters-on circular orbits are expected to be tidally locked into synchronous rotation, with permanent daysides that face their host stars, and permanent nightsides that face the darkness of space. The disk-integrated planetary flux at all phases of a planet's orbit can be used to determine the effective temperature of the visible part of the planet at each phase. Full orbit, infrared phase curves have been published for twelve hot Jupiters on circular orbits 1 : CoRoT-2b (Dang et al. 2018 ), HAT-P-7-b (Wong et al. 2016) , HD 149026b , HD 189733b (Knutson et al. 2012) , HD 209458b (Zellem et al. 2014) , WASP-12b , WASP-14b (Wong et al. 2015) , WASP-18b (Maxted et al. 2013) , WASP-19b (Wong et al. 2016) , WASP-33b , WASP-43b (Stevenson et al. 2014 (Stevenson et al. , 2017 Mendonça et al. 2018; Louden & Kreidberg 2018) , and WASP-103b .
Previous estimates of day-to-night heat recirculation for hot Jupiters have parameterized and calculated this quantity using the disk-integrated brightness-and hence apparent temperature-inferred from phase variations (Cowan & Agol 2011b; Schwartz & Cowan 2015; Schwartz et al. 2017; Zhang et al. 2018) . These studies found a trend that planets with higher irradiation temperatures have lower heat recirculation efficiencies. Planets receiving more flux tend to be hotter, hence they have shorter radiative timescales, and thus radiate faster than winds can advect heat around the planet (Showman & Guillot 2002; Cowan & Agol 2011b) . Recently, Zhang et al. (2018) performed a similar analysis to Schwartz et al. (2017) and found that the trend between heat recirculation and irradiation temperature is not monotonic: phase offsets and heat recirculation decrease with increasing irradiation temperature, but begin to increase again at an irradiation temperature around 3400K. No study to date, however, has considered trends in the nightside temperatures of hot Jupiters, even though this is the most direct probe of heat transport.
For a planet on a circular, edge-on orbit, its orbital phase curve can be inverted into a longitudinal brightness map (Cowan & Agol 2008) ; many hot Jupiters fit these criteria. The first exoplanet map was of HD 189733b at 8 µm (Knutson et al. 2007) . It showed an eastward shifted hotspot on the planet, in line with theoretical predictions of equatorial, super-rotating jets (Showman & Guillot 2002) . With the exception of HD 189733b (Knutson et al. 2007 (Knutson et al. , 2009 , 55 Cancri e (Demory et al. 2016; Angelo & Hu 2017) , CoRoT-2b (Dang et al. 2018) , and WASP-43b (Louden & Kreidberg 2018) , most phase curves have been fit and published without considering the brightness maps that could have produced them. In fact, some planets have published phase curves that are negative near transit for certain wavelengths, implying unphysical disk-integrated nightside flux. This is the case for HAT-P-7b, WASP-14b, and the initial fits for WASP-43b. Other planets have strictly positive phase curves that imply negative brightness maps: WASP-12b, . In the methods section and the appendix, we describe how we deal with unphysical phase curves and maps.
As described in the methods, we invert published phase curves for all twelve planets in our survey into longitudinal brightness maps, to obtain dayside and nightside effective temperatures ( fig. 1) . We plot the temperatures versus irradiation temperature, T 0 ≡ T R /a, where T is the stellar effective temperature, R is the stellar radius, and a is semi-major axis. We use irradiation instead of the traditional equilibrium temperature, T eq = (1/4) 1/4 T 0 , because the latter presumes perfect heat redistribution, a poor assumption for most hot Jupiters. For the nine planets with T 0 < 3500K, the nightside temperatures are all approximately 1000K and exhibit a very weak trend with stellar irradiation. The three ultra-hot Jupiters WASP-12b, WASP-33b, and WASP-103b all have much hotter nightsides. We attempt to fit the nightside temperatures using two climate models. We show the qualitative behaviour of each as plots in the Methods section. The first model is a semi-analytic energy balance model incorporating atmospheric radiation and advection (Cowan & Agol 2011a ). There is a degeneracy between the radiative and advective timescales in the model. We therefore fit for the product of wind velocity and P/g, where the latter quantity is the mass per unit area of the active layer of the atmosphere, that is the layer that responds to instellation.
2 The model was updated recently to include the effects of hydrogen dissociation and recombination, which can significantly increase heat transport in ultra-hot Jupiters (Bell & Cowan 2018 ).
The second model is an analytic, dynamical model incorporating radiation, advection, frictional drag, and gravity waves (Komacek & Showman 2016) . This model was shown to qualitatively match predictions of day-night temperature contrast from general circulation models. Notably, the model predicts the wind velocity for each planet. The model Dayside temperatures for the hot Jupiters in our analysis are proportional to the planets' irradiation temperatures, T0 ≡ T R /a, where T is the stellar effective temperature, R is the stellar radius, and a is semi-major axis. The error bars correspond to the 1σ confidence intervals. Bottom panel: Nightside effective temperatures. The error bars correspond to the 1σ confidence intervals. The gray symbols are planets for which at least one phase curve is negative, so their phase curves may have uncorrected systematics. Nightside temperatures for the planets with T0 < 3500 K have nightside temperatures around 1000 K.
was recently updated to include the effects of hydrogen dissociation (Komacek & Tan 2018) . We fit for a universal P/g.
For each model fit, we perform a grid search in parameter space to find the parameters that minimize χ 2 . Versions of the models with H 2 to 2H − provide better fits to the data than those without (table 2) . The best fit model predictions can be seen in fig. 2 and fig. 3 . The energy balance model incorporating hydrogen dissociation yields the best fit of all the models we consider. If one presumes that hot Jupiters have similar atmospheric opacity, then the nightside data suggest that hot Jupiters all have very similar wind velocities, despite dynamical predictions to the contrary.
Alternatively, the flat nightside temperature trend for hot Jupiters and relatively small planet-to-planet variance could be evidence that typical hot Jupiters (T 0 <3500K) all have the same species of clouds on their nightsides. These clouds would emit thermal radiation around the same effective temperature, regardless of temperatures below the clouds, and block outgoing longwave radiation from below.
As a test of the cloud hypothesis, we compute the nightside brightness temperatures in the two Spitzer channels for the ten planets with both 3.6 µm and 4.5 µm phase curves. A gray, optically thick cloud deck would yield a similar opacity for both the 3.6 µm and 4.5 µm observations, and hence the same brightness temperature at each wavelength Komacek and Tan (2018) Komacek and Showman (2017) Figure 3. Best fit analytic, dynamical models. The model including hydrogen dissocation is a better fit (χ 2 /datum = 3.4) than the model without (χ 2 /datum = 7.4), but neither fully captures the trend. The best fit value gives a pressure range between 0.27-7.4 bar. The planet-to-planet variance is due mainly to differences in predicted atmospheric wind speeds. The wind speed depends on the gravity wave propagation timescale, which itself depends on the radius and mass of a planet. Differences in radius, mass, and rotation rate of these planets lead to variance in the predicted nightside temperatures.
(in other words, a blackbody). We compute the Spitzer brightness temperature color, or normalized difference in nightside brightness temperatures, for each planet. As can be seen in fig. 4 , all ten planets with phase curves at both Spitzer wavelengths have brightness temperature colors consistent with zero, as one would expect for optically thick clouds.
Clouds are predicted to be present on the nightsides of all hot Jupiters Lee et al. 2016 Lee et al. , 2017 Lines et al. 2018; Parmentier et al. 2016; Powell et al. 2018; Roman & Rauscher 2018) , but the type of cloud species that can condense depends on the temperature, pressure, and cloud formation microphysics. Because incorporating radiative feedback and detailed cloud microphysics is computationally intensive, many studies have used "vanilla" general circulation models, and post-processed the clouds afterwards using the resulting temperature-pressure profiles and cloud condensation curves. For instance, manganese sulfide (MnS) clouds are possible at the nightside temperatures of the nine cooler planets (Parmentier et al. 2016 ). However, post-processing of exoplanet clouds can lead to inaccurate predictions of cloud coverage, phase offsets, and day-night temperature contrasts (Roman & Rauscher 2018; Powell et al. 2018) . General circulation models incorporating cloud microphysics of a greater variety of cloud species, and incorporating heat transport due to hydrogen chemistry, are clearly needed in order to properly model hot Jupiters spanning the full range of irradiation temperatures. Spectroscopic phase curve observations, with the Mid-Infrared Instrument onboard the James Webb Space Telescope for example, will confirm whether the gray opacity at 3.6 µm and 4.5 µm extends to longer wavelengths. This would be consistent with thick nightside clouds (Morley et al. 2017 ). In the case of thinner clouds, there may still be some visible, albeit muted, spectral features that will be visible with spectroscopic infrared phase curves. . Brightness temperature color at Spitzer wavelengths 3.6 µm and 4.5 µm. The error bars correspond to the 1σ confidence intervals. The ten planets with both 3.6 µm and 4.5 µm phase curves have brightness temperature colors consistent with zero, meaning their brightness temperatures are similar at both wavelengths. HD 189733b has two full-orbit, infrared phase curves taken with the Infrared Array Camera (IRAC; Fazio et al. (2004) ) on the Spitzer Space Telescope (Werner et al. 2004 ). The Spitzer 3.6 and 4.5 µm phase curves from Knutson et al. (2012) are shown in the top panel of Figure 5 . We use their stellar variability corrected eclipse depths at these wavelengths. The phase curves at 8 and 24 µm spanned just over half of the planet's orbit (Knutson et al. 2007 (Knutson et al. , 2009 , and the 8 µm phase curve has only been decorrelated for one quarter of the orbit (Agol et al. 2010 ), so we do not use them in our analysis.
Since HD 189733b is on a circular, edge-on orbit, we use the method of Cowan & Agol (2008) to transform its phase curves, F (ξ), into longitudinal brightness maps, J(φ), where ξ is the planet's phase angle (ξ = 0 at secondary eclipse, ξ = π at transit), and φ is longitude from the substellar point. We set F (ξ = 0) equal to the eclipse depths, and obtain the map parameters analytically using equation (7) from Cowan & Agol (2008) . The brightness maps are shown in the second panel of Figure 5 .
Phase curves provide only weak constraints on North-South asymmetry of planets (Cowan et al. 2013 . It is possible to determine the latitudinal distribution using eclipse mapping, but so far this has only been done for HD 189733b at 8 µm (Majeau et al. 2012; de Wit et al. 2012; Rauscher et al. 2018 ). We therefore marginalize over the uncertainty in latitudinal brightness distributions to constuct bolometric flux maps.
Latitudinal Brightness Profiles
Longitudinal maps, J(φ), are weighted by the visibility of the observer, since the phase curve measures the diskintegrated flux from the planet. For an equatorial observer, the longitudinal maps are related to the two-dimensional brightness distribution as a function of planetary longitude and co-latitude, I(θ, φ), by
One of the powers of sine comes from the area element in spherical coordinates, and the other comes from the visibility for an equatorial observer. The longitudinal map J(φ) effectively integrates over the latitudinal dependence of I(φ, θ). We adopt the simplifying assumption that I(φ, θ) is separable, and account for our ignorance of the latitudinal dependence of brightness by letting it vary as sin γ θ with a polar brightnesss I pole . The γ = 0 case represents perfect poleward heat transport, or a constant temperature in the latitudinal direction. In the Rayleigh-Jeans limit of long wavelength, I(θ) ∝ T (θ), and thus I(θ) ∝ T (θ) ∝ sin 1/4 (θ) for no poleward heat transport, that is, γ = 1/4. To be conservative, we draw samples from the range 0 < γ ≤ 1, as we find that the value of γ doesn't drastically affect our calculated quantities. The expression is
See Appendix A for the derivation. The brightness temperature map is related to the intensity map by the inverse Planck function
where T * is the brightness temperature from Phoenix stellar models (Allard et al. 2000) . The equatorial brightness temperature profiles of HD 189733b can be seen in the third panel of Figure 5 .
Brightness Temperatures to Effective Temperatures
From the wavelength dependent brightness maps in eq. (3), we infer effective temperature maps. To calculate the effective temperature at each point on the planet's surface, we take the arithmetic mean of the individual brightness temperatures at each location. The resulting two dimensional effective temperature map of HD 189733b can be seen in fig. 6 . We calculate the Bond albedo, the fraction of incoming stellar power that the planet reflects to space, (Knutson et al. 2012) . Middle: Corresponding longitudinal brightness maps. Bottom: Brightness temperatures along the equator. We set the phase curve value at ξ = 0 equal to the secondary eclipse depth, and invert the phase curves to longitudinal brightness maps following Cowan & Agol (2008) . The swaths show the 1σ confidence region, obtained via Monte Carlo. For HD 189733b, we find A B = 0.28
−0.47 . This is lower but consistent with the estimate from Schwartz et al. (2017) , who report A B = 0.41 ± 0.07. See table 1 for the values for all twelve planets.
For heat recirculation, we compute the ratio of heat radiated by the nightside to the total heat radiated by the planet,
Since the nightside absorbs no stellar radiation, this is the amount of heat that has moved from the dayside to nightside, similar to the parameterization of Burrows et al. (2006) . A value of zero implies that no heat is transported to the nightside, and a value of 0.5 implies that half of the absorbed incoming stellar flux is recirculated to the nightside. We obtain P = 0.27 ± 0.02 for HD 189733b. Schwartz et al. (2017) obtained a value = 0.69
−0.1 , using the parameterization of Cowan & Agol (2011b) which varies between 0 for no heat recirculation, and 1 for perfect heat recirculation. The two values are not directly comparable, but by using our dayside and nightside effective temperatures with their parameterization we get = 0.61, consistent with their result.
Sensitivity Analysis
Uncertainties on measurements of phase amplitude, phase offset, transit depth, eclipse depth, irradiation temperature, and latitudinal temperature dependence all contribute to the uncertainty on the dayside and nightside temperatures, Bond albedo, and heat recirculation fraction. To estimate uncertainty on our computed parameters, we vary all planetary, stellar, and phase curve parameters in a 1000-iteration Monte Carlo. We marginalize over our uncertainty of γ and I pole by drawing these from a random uniform distribution where 0 ≤ γ ≤ 1 and 0 ≤ I pole ≤ min
π . The constraint on I pole ensures that the poles are not hotter than the equator. Lastly, we add the systematic uncertainty associated with estimating effective temperatures using a limited number of brightness temperatures, which is based on cloud-free atmospheric models (Pass et al., in prep) . The 1σ systematic uncertainties are 23% for planets with a phase curve at just 4.5 µm, 13% for planets with phase curves at 3.6 µm and 4.5 µm, and 3% for planets with phase curves at 3.6 µm, 4.5 µm, and 1.4 µm. This is a conservative estimate, as a cloudy emission spectrum would be flatter, and would have smaller systematic uncertainties. At each step in the Monte Carlo we calculate the Bond albedo, heat recirculation fraction, dayside and nightside effective temperatures.
To determine how much each measured parameter affects the overall error of the calculated values, we perform a sensitivity analysis using the measured values, varying one parameter at a time. See fig. 7 for a graphical representation of the error budgets for HD 189733b. The systematic uncertainty contributes the most to the error budgets of Bond albedo, and dayside and nightside temperatures for this planet. The I pole term dominates the error budget for heat recirculation, and is the second biggest source of error for the other calculated parameters. This suggests that full-orbit phase curves at more infrared wavelengths, combined with eclipse mapping, could improve the precision of the energy budget parameters and temperatures for this HD 189733b.
Negative brightnesses
A planet's phase curve must be non-negative at all orbital phases, and the brightness map of the planet must be greater than or equal to zero at all locations on the planet; the latter is the more stringent constraint. As shown in fig. 5 , HD 189733b has strictly positive phase curves and brightness maps. Likewise, the planets CoRoT-2b, HD 149026b, HD 209458b, and WASP-33b all have strictly positive phase curves and brightness maps at all measured wavelengths. We leave these phase curves and brightness maps as-is in our analysis.
In the following subsections, we distinguish between two problematic cases: negative phase curves, and positive phase curves that imply negative brightness maps, and explain how we handle these problematic cases. We summarize the suite of phase curves in table 3.
Negative Phase Curves
A phase curve that is negative for any orbital phase guarantees that the underlying brightness distribution (map) is negative at some longitudes. The planets HAT-P-7b, WASP-14b, and WASP-43b have published phase curves that are negative on their nightsides, which by definition implies negative brightness maps for these planets.
The best one can do without refitting the phase curves is to modify the phase curves or brightness maps in some way. Keating & Cowan (2017) tackled WASP-43b by simply setting negative regions of each of its brightness maps to zero, to get a rough estimate on its disk-integrated nightside temperature. Louden & Kreidberg (2018) refit the WFC3 phase curves for WASP-43b while enforcing physically possible brightness maps and accounting for reflected light, and obtained a much higher nightside temperature than reported by Stevenson et al. (2014) . Mendonça et al. (2018) refit the Spitzer phase curves for WASP-43b by using a different instrument sensitivity model, shown to be better at removing residual red noise due to intra-pixel sensitivity, and found much higher nightside temperatures than Stevenson et al. (2017) . We use the reanalyzed Spitzer phase curves for our analysis.
HAT-P-7b and WASP-14b have 3.6 µm phase curves that are negative on their nightsides, but which have not been re-reduced. For each draw in our Monte Carlo, if the parameters cause the resulting phase curve to be negative for any orbital phase, we reject the draw. This is a compromise between rejecting the unphysical phase curve entirely, and altering the phase curve. Figure 7 . Contribution to the error budget of HD 189733b's dayside and nightside effective temperatures, Bond albedo, and heat recirculation for various planetary and stellar parameters, shown as the ratio of each parameter's contribution to the total error, squared. The stellar effective temperature is T eff , and a is the scaled semimajor axis, a/R ,where a is semimajor axis and R is the radius of the star. Cos1 and Cos2 are the amplitudes of the first and second harmonic cosine terms of the phase curve. Sin1 and Sin2 are the amplitudes of the first and second harmonic sine terms. The systematic error is the error introduced by estimating effective temperatures using a limited number of brightness temperatures (Pass, Cowan, & Cubillo, in prep) , and this term dominates the error budgets of Bond albedo, and dayside and nightside temperatures. I pole dominates the error budget of heat recirculation efficiency.
Systematic Error
a T Eclipse Depth Transit Depth Cos1 Cos2 Sin1 Sin2 I pole (a) Heat Recirculation Error Systematic Error a T Eclipse Depth Transit Depth Cos1 Cos2 Sin1 Sin2 I pole (b) T day Error Systematic Error a T Eclipse Depth Transit Depth Cos1 Cos2 Sin1 Sin2 I pole (c) T night Error Systematic Error a T Eclipse Depth Transit Depth Cos1 Cos2 Sin1 Sin2 I pole (d)
Positive Phase Curves, Negative Brightness Maps
It is also possible to measure a strictly positive phase curve, yet infer a brightness map that is not strictly positive. This is the case for WASP-12b, WASP-18b, WASP-19b, and WASP-103b. Although it is mathematically possible to obtain a physical, non-negative phase curve from a brightness map that is not strictly positive, such a brightness map is physically impossible. This was pointed out long ago by Russell (1906) while studying reflected light curves from asteroids, which is mathematically similar to the thermal emission case. Brightness maps obtained from inverting sinusoidal phase curves are not unique, as there is a nullspace of the transformation from map to light curve-excluding the fundamental mode, any odd sinusoidal mode present in the brightness map of a planet on a circular, edge-on orbit will integrate to zero over a hemisphere, and will thus be invisible in the phase curves (Cowan & Agol 2008) . If a measured phase curve implies a negative brightness map, then it may be possible to add higher order odd harmonics to correct the map -indeed, if a solution exists, then odd brightness map harmonics are necessary to ensure a physically possible solution.
For example, WASP-18b has strictly positive phase curves that were fit with first and second order sinusoids (Maxted et al. 2013) . However, the published 3.6 µm phase curve parameters imply a negative brightness map at this wavelength, as can be seen in fig. 10 . For each draw in our Monte Carlo, if the phase curve is positive but the brightness map is negative at any location, we numerically solve for the smallest amplitude third order harmonic that makes the brightness map non-negative.
Lastly, the phase curves of WASP-12b are contentious -if the fiducial, polynomial fit for the 4.5 µm phase curve is taken to be solely due to brightness variations of a spherical planet, the map is negative and unphysical . The authors note that part of the second harmonic could be due to ellipsoidal variations. Zhang et al. (2018) Table 3. Summary of problematic hot jupiter phase curve observations. Plus signs denote phase curve or maps for which the mean phase curve or map is strictly positive. Minus signs denote phase curves or maps that are negative for any value of orbital phase, or longitude. Planet names in bold are planets with problematic phase curves. We also list the type of correction we use to deal with each problematic phase curve. Rejection means that the phase curve draws in our Monte Carlo are rejected if they produce a negative phase curve. Odd Harmonics means we correct the negative map by adding odd harmonics. We explain the correction for WASP-12b in section 2.6. Planet Name 1.4 µm 3.6 µm 4.5 µm 1.4 µm Map 3.6 µm Map 4.5 µm Map Correction
reanalyzed the same data, and a second set of phase observation at the same wavelengths, and found that the 4.5 µm results were consistent with those of Cowan et al. (2012) . We adopt the interpretation ultimately chosen by : some of the second harmonic in the 4.5 µm phase curve is due to the planet's inhomogeneous temperature map, but the rest is due to ellipsoidal variations. To be consistent with their interpretation, we set the planet's aspect ratio to 1.5, calculate the resulting amplitude via equation (6) in Cowan et al. (2012) , and subtract it from the second order amplitude. This yields a non-negative brightness map.
Dynamical Model
The radiative timescale in the analytic, dynamical model is scaled by pressure and equilibrium temperature (Komacek et al. 2017; Komacek & Tan 2018; Zhang & Showman 2017) . Figure 9 shows a version of the model where all the planets have the same physical properties, but the irradiation temperature varies.
We update the radiative timescale formulation to scale with P/g, as with the energy balance model. We neglect frictional drag. These models do not predict the dayside or nightside temperatures themselves, but rather the dayto-night temperature contrast. To predict the nightside temperature, we use the analytic expression from the model to calculate the day-night temperature contrast, and solve for the nightside temperature, assuming that the dayside temperature is equal to the equilibrium temperature (a good approximation, as shown in the top panel of fig. 1 ).
Rather than use a common photosphere pressure among the planets as has been previously done, we fit for a common air column mass above the emitting region, that is, the photosphere pressure (P ) scaled by acceleration due to gravity (g): P/g. It is more a realistic assumption than a common photosphere pressure among the planets, as hot Jupiter masses can span an order of magnitude.
Brightness Temperature Color Plot
To generate fig. 4 , we generate two-dimensional brightness temperature maps at each wavelength for each planet in a 1000 step Monte Carlo, and integrate to obtain the effective nightside brightness temperature at each wavelength. For each step in the Monte Carlo we calculate the difference between the 3.6 µm and 4.5 µm nightside brightness temperatures, divided by the 3.6 µm nightside brightness temperature. The square symbol corresponds to the mean, and the error bar is the standard deviation. Bell and Cowan (2018) Cowan and Agol (2011) Figure 9 . Vanilla version of the semi-analytic energy balance models. We fix planetary parameters to the ones of WASP-12b, and vary just the stellar irradiation. We fix the photosphere pressure to 0.1 bar and the wind velocity to 5 km/s.
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APPENDIX

A. PHASE CURVES TO LONGITUDINAL BRIGHTNESS TEMPERATURE MAPS
For a tidally locked, synchronously rotating planet on a circular, edge-on orbit, it is possible to invert its orbital phase curve into a longitudinal brightness map of the planet. The ratio of the disk integrated flux of a planet to that of the host star at a given value of orbital phase is:
where B λ (T ) is the Planck function, ξ is the orbital phase of the planet, R p is the radius of the planet, R is the radius of the star, and we have assumed that all of the flux is thermal emission. Since F λ (ξ) is periodic, it can be modelled as a sum of sinusoids,
and is usually truncated at n = 2. Higher order terms are strongly suppressed (Cowan & Agol 2008) , and odd terms are invisible for edge-on orbits or North-South symmetric maps. The disk-integrated brightness variations of the planet are related to the longitudinal brightness map of the planet by a convolution:
where the map may also be expressed as a Fourier series
There is a one-to-one correspondence between the coefficients of eq. (A3) and eq. (A4); phase curves can be analytically inverted into longitudinal brightness maps (Cowan & Agol 2008) . The longitudinal brightness maps in eq. (A4) are related to the brightness maps as a function of latitude and longitude, I(φ, θ), by
where the integral over latitude is weighted by sin θ-the visibility of an equatorial observer. Given just a phase curve, it is impossible to infer the latitudinal dependence of the corresponding brightness map. In other words, given J(φ), there are multiple possible I(θ, φ). However, the map must be continuous at the poles. A reasonable parameterization is a sinusoidal latitudinal dependence. This would cause the planetary flux to be greatest at the equator, where the planet receives the most stellar flux, and drop to zero (or a constant) at the poles. This brightness map takes the form
where γ > 0 and I pole is a constant with units of intensity, and I eq (φ) ≡ I(φ, π/2) is the brightness profile along the equator of the planet. Higher values of γ give lower values of flux for a given infinitesimal longitudinal slice of the planet. This essentially amounts to the integral of π 0 sin γ θdθ, which decreases as γ increases. We can constrain I pole by noting that I(φ, θ) must be positive, and that the poles shouldn't be brighter than the equator. This yields 0 ≤ I pole ≤ I eq (φ). We observe J(φ), but need I(φ, θ) to properly estimate the planet's energy budget. Combining eq. (A6) with eq. (A5) yields
Rearranging this gives
or
These expressions give the planet's brightness distribution given some observed longitudinal map J(φ), for an assumed latitudinal dependence parameterized by γ and I pole . Given an inferred J(φ), greater I pole means a greater I eq (φ), and greater γ means a greater I eq (φ). See Figure 11 for an illustration. For example, if we assume a brightness map where γ = 1 and I pole = 0, we obtain
If the effective temperature of the host star and the transit depth are known, then by combining eq. (A1) and the equatorial brightness map of eq. (A10), it is possible to invert the Planck function and obtain a longitudinal temperature map for a planet. For the above example we get:
where we have multiplied by π to account for the fact that we are now comparing the flux from infinitesimal, longitudinal slices on the planet to the entire flux of the star. We get an expression for the brightness temperature of a planet, T λ , as a function of latitude:
The general expression is:
with I(φ, θ) given by eq. (A9).
B. BOLOMETRIC FLUX MAPS
Applying the above technique to a single phase curve yields a brightness temperature map for a single wavelength. Brightness temperature maps can be combined to infer an effective temperature map of the planet. Taking the arithmetic mean of the brightness temperatures at each point on the planet gives an estimate of the effective temperature at each point.
Using the Stefan-Boltzmann law with this effective temperature map gives the flux of the planet at each longitude and latitude,
and integrating this over each infinitesimal unit of area on the planet yields the total power radiated by the planet,
where σ SB is the Stefan-Boltzmann constant, and R p is the radius of the planet. The stellar flux that arrives at the planet is given by F SWD = σT 4 0 , where T 0 ≡ T R /a is the planets irradiation temperature, R is the stellar radius, and a is the semi-major axis. Thus the incoming power to the planet is:
Dividing eq. (B15) by eq. (B16) gives the amount of incoming radiation absorbed by the planet. Subtracting this from unity and simplifying yields an expression for -indeed the definition of -the planets Bond albedo:
To infer the day-night heat recirculation, we calculate the ratio of the power radiated by the nightside of a planet to the total power radiated,
Note that R 2 p appears in the numerator and denominator of both equations B17 and B18, and hence doesn't affect the energy budget.
C. NEGATIVE BRIGHTNESS MAPS
A negative phase curve ensures that a planet's brightness map must be negative at some longitude, as the phase curve is obtained by simply integrating over the brightness map that is visible at each value of orbital phase. But even a strictly positive phase curve may require negative map values at certain locations on the planet.
Following Russell (1906) , we can think of the sinusoidal components of phase curves in terms of a sum of odd and even harmonics:
where
The sum of the odd harmonics is given by F odd , and likewise the sum of the even harmonics is given by F even . For a planet viewed equator-on (i = 90 o ), all of the odd harmonics above the first harmonic, n = 1, are invisible in the measured light curve. If we let F 1 denote the first harmonic, we get:
Analogously we can represent the longitudinal brightness maps as
We can obtain a brightness map by inverting a phase curve, but the solution will not be unique. It will be J(φ) ≈ J 1 (φ) + J even (φ) The brightness maps may have any number of odd harmonics, as long as the map remains nonnegative, since odd harmonics greater than n = 1 are in the nullspace of the transformation from brightness map space to phase curve space in eq. (3). Basically, they may be present in the map, but integrate to zero in the phase curve. If a planet has an inclination less than 90 o and North-South asymmetry or a time-variable map, or just an eccentric orbit, then the light curves can exhibit odd harmonics (Cowan et al. 2013 . This is indicative of weather on an exoplanet.
If a positive phase curve is inverted using the measured sinusoidal modes and the brightness map is negative at any longitude, then it may be possible to add enough odd harmonics to obtain a positive brightness map. If this is the case, then it implies that the planet's brightness map has odd harmonics, which by their very nature are invisible in the phase curve of the planet: so-called latent variables.
We make two recommendations of fitting conditions for future phase curves: 1) the phase curves themselves must be positive, and 2) the corresponding brightness maps must be positive. For the second condition, it may be necessary to fit for the latent variables, odd brightness map harmonics, to achieve positive brightness maps.
D. PHASE CURVES AND BRIGHTNESS MAPS
Here we plot the phase curves used in this study, along with the wavelength dependent longitudinal brightness maps, and the best-fit two dimensional brightness temperature maps used to calculate the dayside and nightside temperatures, Bond Albedos, and Day-Night Heat Recirculation Fractions for all twelve planets. Figure 35 . Error budget of WASP-33b
